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Vaccines that can reduce the load of latent gammaherpesvirus infections are eagerly sought. One attractive
strategy is vaccination against latency-associated proteins, which may increase the efficiency with which T cells
recognize and eliminate latently infected cells. However, due to the lack of tractable animal model systems, the
effect of latent-antigen vaccination on gammaherpesvirus latency is not known. Here we use the murine
gammaherpesvirus model to investigate the impact of vaccination with the latency-associated M2 antigen. As
expected, vaccination had no effect on the acute lung infection. However, there was a significant reduction in
the load of latently infected cells in the initial stages of the latent infection, when M2 is expressed. These data
show for the first time that latent-antigen vaccination can reduce the level of latency in vivo and suggest that
vaccination strategies involving other latent antigens may ultimately be successfully used to reduce the

long-term latent infection.

Many of the clinically relevant problems associated with
gammaherpesvirus infection are a result of a long-lived latent
infection. While these viruses are normally effectively con-
tained by the immune system, they can cause a number of
clinical problems when patients are immunocompromised. For
example, patients with a latent Epstein-Barr virus (EBV) in-
fection can develop lymphoproliferative disease when EBV-
transformed B cells grow unchecked by the T-cell response.
Similarly, immunocompromised human immunodeficiency vi-
rus patients can develop Kaposi’s sarcoma, which is strongly
associated with a latent infection with human herpesvirus 8.
There is evidence to suggest that the risk of developing EBV-
associated lymphoproliferative disease correlates with the la-
tent virus burden (16, 17). A vaccine which could either reduce
or eliminate the latent infection would therefore be of great
clinical benefit.

T cells are known to be important in the control of EBV
infection, particularly CD8* cytotoxic T lymphocytes (12, 15).
Many vaccines designed to stimulate T-cell immunity to EBV
consist of antigens expressed during productive replication, in
an effort to limit the initial infection with the virus (6, 14, 29).
These proteins are downregulated during latency, so it is un-
clear what impact they would have on the latent infection. An
alternative approach is to vaccinate with antigens which are
expressed during latency (12). Some latency-associated EBV
antigens can evade antigen processing and presentation
(EBNA-1); however, others are immunogenic (e.g., EBNA-3
and LMP-2) and have been proposed as vaccine candidates (2,
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12, 15). To date, no latent-antigen vaccines have been tested
for their ability to limit the latent infection. This has mainly
been due to the lack of tractable animal model systems to test
such strategies.

In this study we used a small animal gammaherpesvirus
model, murine gammaherpesvirus 68 (MHV-68), to test the
effect of vaccination with a latency-associated antigen on the
progression of the latent infection. This system is particularly
powerful for immunological studies as several of the T-cell
epitopes have been defined in both lytic and latent cycle pro-
teins (5, 18). A CD8" T-cell response to the latency-associated
M2 protein of MHV-68 was previously identified (5), and it
was shown that T cells specific for the M2y, _oo/K epitope had
the capacity to transiently reduce the titer of latently infected
cells in vivo (24). This result was obtained using an adoptive-
transfer system where large numbers of M2y, oo/K%specific
CD8" T cells were transferred into mice prior to virus infec-
tion. Although this shows the potential of these cells to control
latency, it remains unclear whether a physiologically relevant
number of M2y, 4o/K%specific T cells are able to achieve the
same effect. In addition it was not known how long the adop-
tively transferred T cells survived in the host, so it was possible
that the transient effect was due to the transferred T cells dying
several weeks after transfer. In this study we tested whether an
active vaccination approach could induce a sufficiently strong
endogenous M2, 4o/K%-specific CD8" T-cell response to re-
duce the level of latency in infected mice.

MATERIALS AND METHODS

Mice and virus. MHV-68 virus (clone G2.4) was originally obtained from A. A.
Nash (University of Edinburgh, Edinburgh, United Kingdom). Virus was prop-
agated and titered as previously described (22). BALB/c mice were purchased
from Jackson Laboratories (Bar Harbor, Maine) or bred at the Trudeau Institute
Animal Breeding Facility. Mice were infected intranasally (i.n.) with 400 PFU of
virus in 30 pl of Hanks balanced salt solution (HBSS). All animal experiments
were approved by the Trudeau Institute Animal Care and Use Committee.

Chromium release assays. Chromium release assays were performed as de-
scribed previously (4). Briefly, spleen cells from DNA-vaccinated mice were
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restimulated in vitro with the M2-expressing S11 cell line (5, 24), which had been
irradiated with 3,800 rads. Seven days later the cultures were harvested and
added to target cells at effector-to-target ratios ranging from 100 to 1 to 6 to 1.
BALB/c 3T3 target cells were loaded with 150 p.Ci of >'NaCrO, with or without
peptide for 18 h at 37°C. Target cells were washed and incubated with graded
numbers of effector cells for 5 h at 37°C. Assays were performed in round-
bottomed 96-well plates, and each well received 10° target cells. Spontaneous
and maximum releases were measured by incubation with medium alone and 1%
Triton X-100, respectively. The percentage of specific release was calculated
using the following formula: % specific release = [(experimental — spontane-
ous)/(maximum — spontaneous)] X 100.

CFSE labeling and culture conditions. Spleen cells from vaccinated mice were
labeled by incubation with 0.5 pM carboxyfluorescein (diacetate) succinimidyl
ester (CFSE) diluted in HBSS for 10 min in the dark. Cells were subsequently
washed with HBSS or complete tumor medium (7) before use. These cells were
restimulated in vitro at a 10:1 ratio with irradiated S11 cells (a tumor cell line
expressing M2 [5, 25]) in the presence of human recombinant interleukin-2
(hrIL-2) at 10 U/ml (R&D Systems, Minneapolis, Minn.) at a cell density of 10°
cells/ml in 24-well plates. Cultures were incubated for 4 days at 37°C and then
harvested and stained with tetramer and antibody to CDS8 followed by flow
cytometric analysis as described below.

Major histocompatibility complex tetrameric reagents and analysis. The con-
struction of folded major histocompatibility complex class I-peptide complexes
and their tetramerization have been described previously (1). Tetramers were
generated by the Molecular Biology Core Facility at the Trudeau Institute. Two
tetramers were used: K9 folded with peptide M2g;_go (GFNKLRSTL) and K¢
folded with peptide HAsg 505 (IYSTVASSL) derived from influenza virus
A/Puerto Rico/8/34. Tetramers were stored as aliquots at —20°C. Tetramers were
titered using an M2q;_go/K%-specific CD8" T-cell line or spleen cells from mice
transgenic for the KY/HAs, ¢_s,5 epitope (11); no cross-reactivity between the two
tetramers was detected. Cells were incubated with anti-CD16/CD32 Fc block
(Pharmingen, San Diego, Calif.) for 10 min on ice; staining with tetrameric
reagents took place for 1 h at room temperature, followed by staining with
anti-CDS tricolor (Caltag, Burlingame, Calif.) on ice for 20 min. Stained samples
were analyzed using a FACScan flow cytometer and CELLQuest software (Bec-
ton Dickinson Immunocytometry Systems, San Jose, Calif.).

Plaque assay for detection of free virus in lungs. Plaque assay was used to
measure free virus in acutely infected lungs, as previously described (22, 26).
Briefly, serial dilutions of homogenized lung tissue were added to 3T3 monolay-
ers in a minimal volume and left to adsorb for 1 h before overlaying with
carboxymethylcellulose. After 5 days of incubation at 37°C the assays were fixed
with methanol and stained with Giemsa stain, and then the plaques were enu-
merated microscopically.

Limiting-dilution assays for free and latent virus. Limiting-dilution assays
were performed essentially as described previously (28). Latent-virus titers were
evaluated by reactivation assay after culture of live spleen cells with a permissive-
cell line. Cell-associated preformed virus in the samples was detected by ruptur-
ing the spleen cells by freeze-thaw prior to culture with permissive cells. Primary
mouse embryo fibroblasts (MEF) were added to flat-bottomed 96-well plates
(10* cells/well) and cultured overnight to allow adherence to the wells. A spleen
cell suspension was prepared using organs from infected mice, and a graded
number of cells (100,000 to 780 cells/well) were added to the wells containing
MEF. Twenty-four replicate wells were used per dilution of spleen cells. The
plates were cultured for 3 weeks at 37°C and then examined with a microscope
to determine the proportion of wells exhibiting cytopathic effect (CPE). A du-
plicate sample was subjected to a freeze-thaw, and then dilutions of this sample
(100,000 to 12,000 cell equivalents/well) were cultured with MEF as described
above to measure the level of cell-associated preformed virus. To calculate the
frequency of cells reactivating from latency, we plotted the log,, percentage of
wells with no CPE against the number of cells per well. The Poisson distribution
predicts that if an average of one cell per well is latently infected then 37% of
wells will have no CPE. Thus, the frequency of latently infected cells was read
from the number of cells per well, giving 37% of wells with no CPE. The
frequency of preformed virus was <1 per 10° cell equivalents in most cases and
never greater than 1 per 4.6 X 10* cell equivalents.

DNA vaccine vectors and gene gun vaccination. The pcDNA3.1 expression
vector was obtained from Invitrogen (Carlsbad, Calif.). The full-length M2 gene
was inserted between the BarmHI and EcoRI restriction enzyme sites, and the
resulting plasmid was designated pcDNA3.1/M2. Purified preparations of
pcDNA3.1 and pcDNA3.1/M2 plasmids were used to transform Escherichia coli
DH5a cells using standard techniques. Cultures of transformed cells were grown
in Luria broth, and then plasmid DNA was extracted using a Qiagen Plasmid
Maxi Kit (Valencia, Calif.). Plasmid DNA was precipitated onto 1.6-pm gold
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beads and used to coat the inside of Tefzel tubing (McMaster-Carr, Chicago, I11.)
which was cut into 1.3-cm lengths to form cartridges, as described previously (3).
Each cartridge was then confirmed to contain approximately 0.5 to 1 pg of
plasmid DNA. Mice to be vaccinated were anesthetized with 2,2,2-tribromoeth-
anol, and then their abdomens were shaved. Two cartridges were administered to
each shaved abdomen at nonoverlapping sites using a Helios Gene Gun delivery
system (Bio-Rad, Hercules, Calif.). Mice were boosted a further 2 to 3 times at
approximately 2- to 3-week intervals by following the same immunization pro-
tocol.

QF-PCR. DNA was extracted from spleen or lung tissue using a Qiagen
DNeasy kit, and then it was quantitated using a UV spectrophotometer. DNA
(250 to 1,000 ng) was subjected to quantitative fluorescent (QF)-PCR using
Taqman Universal PCR Mastermix (Applied Biosystems, Foster City, Calif.),
500 nM primers complementary to the sequence of the open reading frame
(ORF) 50 gene (27) (3’ primer, CCCTGAGGCTCAACAATTGG; 5’ primer,
GGATACGCCTGTCCAGCATATT), and 200 nM [(3’, 6'-dipivaloylfluorescei-
nyl)-6-carboxamido-hexyl]-6-O-2(2-cynoethyl)-(N,N-diisopropyl)-phosphora-
midite (FAM)/Black Hole Quencher-1-labeled probe complementary to the
ORF 50 sequence (TGCAATCTGGCTCAACGCCCG; BioSearch Technolo-
gies, Inc., Novato, Calif.). Samples were subjected to 2 min at 50°C (reaction of
AmpErase uracil-N-glycosylase), 10 min at 95°C (activation of AmpliTaq Gold),
and 40 cycles of 15 s at 95°C and 1 min at 60°C. QF-PCR was performed using
an ABI 7700 Sequence Detection system (Applied Biosystems). To construct a
standard curve, a graded number of copies of the pTW-27 (FLAG-Rta-genomic)
plasmid (containing the genomic ORF 50 gene, kind gift from T.-T. Wu, Uni-
versity of California at Los Angeles) were mixed with 250 ng of DNA from the
spleens of normal BALB/c mice and subjected to QF-PCR. A graph was con-
structed comparing threshold cycle (C,) with copy number, and this was used to
convert the C, of the test sample into genome copy number. The assay was able
to detect fewer than 10 viral genomes per sample. All reactions were performed
on two separate occasions with similar results. Similar results were obtained
using a second set of primers and probe complementary to the Mta gene of
MHV-68 (ORF 57) (3" primer, AGTGCAGCTTTCAATAGGGTTATACA; 5’
primer, GGGACCCTCTGCTGACACA; FAM/Black Hole Quencher-1-labeled
probe, TGTGGTCCTAAAGTATCAGCCAGGCGA). No template controls
containing 250 ng of normal BALB/c spleen DNA were negative for both primer-
probe sets.

RESULTS

DNA vaccination induced a potent CD8* T-cell response to
the M2,,_,,/K? epitope. BALB/c mice were vaccinated using a
gene gun to introduce plasmid DNA into the shaved skin on
the abdomen. One group of mice received the pcDNA3.1/M2
plasmid, containing the full-length M2 gene, and the other
received the pcDNA3.1 vector alone. Mice were boosted two
to three times after the initial vaccination, at approximately 2-
to 3-week intervals, as previous work had shown this to be the
most effective boosting regimen (3). To confirm that vaccina-
tion was successful, we isolated spleen cells 2 to 3 weeks after
the last immunization and assayed for a response to the
M2, /K" epitope. Thus, spleen cells were labeled with CFSE,
a fluorescent dye that is progressively diluted out as cells di-
vide, and then cultured with irradiated S11 cells (a latently
infected cell line which expresses M2 [5, 25]) and hrIL-2 in
vitro. Cultures were then stained with a tetrameric reagent
specific for the M2y, _oo/K® epitope (24) and anti-CD8 antibody
to specifically identify CD8" M2y, 4o/K-specific cells. As
shown in Fig. 1, spleen cells from mice vaccinated with
pcDNA3.1/M2 contained a substantial population of M2g; ¢/
K-specific cells (7.8% of CD8" cells) which expressed low
levels of CFSE, indicating they had divided in response to in
vitro restimulation. In contrast, in cultures derived from mice
vaccinated with the pcDNA3.1 vector alone, no M2y, oo/K-
specific cells were detected (0.2% of CD8™ cells). As a speci-
ficity control we also stained the cultures with a tetrameric
reagent folded with an irrelevant peptide, derived from influ-
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FIG. 1. DNA vaccination elicits a response specific for the M2,,_4o/K® epitope from BALB/c mice. Spleen cells from mice vaccinated with either
pcDNA3.1 vector or pcDNA3.1/M2 were labeled with CFSE and then cultured in vitro for 4 days with irradiated S11 cells and hrIL-2. Cultures
were stained with anti-CDS8 and tetramers specific for M2;_oo/K® or HAs5_s,5/K as a specificity control. The graphs were gated on live, CD8*
T lymphocytes. Numbers refer to the proportion of cells in the gate indicated as a percentage of total CD8* cells. Data are representative of two

experiments.

enza virus hemagglutinin (HAs, 5 5,5/K). No staining was
detected using this tetramer (Fig. 1).

To test whether the M2y, oo/K%specific CD8™ cells in these
restimulated cultures were cytolytic, we performed a >*Cr re-
lease assay using target cells pulsed with M2y, oo peptide. As
shown in Fig. 2, in vitro-restimulated cells from mice vacci-
nated with pcDNA3.1/M2 lysed M2,,_, peptide-pulsed targets
but not unpulsed target cells. Cells from pcDNA3.1 vector-
vaccinated mice lysed neither target cell. Therefore, vaccina-
tion with the pcDNA3.1/M2 construct induced a potent CD8"
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FIG. 2. M2g,_go/K%specific CD8" T cells elicited by DNA vaccina-
tion kill M2y, o9 peptide-pulsed cells in vitro. Spleen cells from vacci-
nated mice were restimulated in vitro with irradiated S11 cells for 7
days and then added to *'Cr-labeled target cells at various effector/
target ratios. Data from two individual mice are shown, one repre-
sented by circles and the other by squares. Closed symbols, specific
lysis of M24,_oo peptide-pulsed targets; open symbols, specific lysis of
nonpulsed targets. Data are representative of two experiments.

T-cell response specific for the M2, 4o/K" epitope and these
cells were cytolytic in vitro.

Vaccination with M2 had no effect on acute lung infection.
Vaccination with lytic-phase proteins of MHV-68 dramatically
reduces the virus titer during acute infection in the lungs after
i.n. infection (10, 19). As M2 is latency specific and not ex-
pressed in the lytic cycle (5), we would not expect M2 vacci-
nation to have an effect on acute infection. To test this hypoth-
esis, we infected BALB/c mice vaccinated with either
pcDNA3.1 or pcDNA3.1/M2 3 weeks after the last boost. A
3-week interval was chosen to ensure that the mice had mem-
ory T cells specific for M2y, oo/K® at the time of infection,
rather than a population of preexisting effector cells. Seven
days after infection the lungs were removed from both groups
of mice, and the virus titers were measured using a standard
plaque assay. As shown in Fig. 3, there was no difference in the
virus titers of the two groups, indicating that vaccination with
M2 had no effect on the acute lung infection.

Vaccination with M2 caused a transient reduction in la-
tency. To measure the effect of M2 vaccination on the latent
infection with MHV-68, we infected mice vaccinated with ei-
ther pcDNA3.1/M2 or pcDNA3.1 vector and measured the
frequency of latently infected cells in the spleen. We utilized a
limiting dilution reactivation assay (28) to detect the frequency
of cells capable of reactivating from a latent state and releasing
infectious virus. Data from this assay conformed to the Poisson
distribution, giving a straight line on a graph plotting the num-
ber of cells/well against the log,, of the proportion of wells with
no CPE (Fig. 4), showing that the assay measured single-hit
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FIG. 3. Comparable lung virus titers in mice vaccinated with M2 or
vector only. Mice vaccinated with pcDNA3.1 vector or pcDNA3.1/M2
were infected i.n. with MHV-68 3 weeks after the last immunization,
and then the lungs were removed to determine virus titers at 7 days
postinfection. Data show the mean lung titers of four mice per group;
error bars show one standard deviation. Data are representative of two
experiments.

kinetics and validating its use for estimating the frequency of
cells reactivating from latency. In these assays we distinguished
between latent virus and cell-associated preformed virus by
performing repeat assays using freeze-thawed cells in which all
cells were disrupted but free virus was intact. Free virus was
below the limit of detection in the large majority of samples
and never present at a frequency of >1 per 4.6 X 10* cell
equivalents, indicating that our assays accurately reflected the
titers of latent virus in the samples.

At 14 days postinfection, there was approximately a 10-fold
reduction in the frequency of latently infected cells in the
pcDNA3.1/M2-vaccinated mice compared with the pcDNA3.1
vector-vaccinated mice (Fig. SA). At 28 days postinfection the
frequency of latently infected cells was much reduced in both
groups, and most samples were below the limit of detection in
the reactivation assay (Fig. SA). We therefore used an alter-
native assay, QF-PCR, to quantitate the viral DNA load. DNA

Number of cells/well

0 2x10*  4x10*  6x10*  8x104  1x105

0.1

Proportion of wells with no CPE

0.01 -

FIG. 4. Representative graph of data obtained from limiting dilu-
tion infective center assays. Limiting dilution infective center assays
were performed as described in Materials and Methods, and the pro-
portion of wells without CPE was plotted against the number of cells
per well. Filled circles, data obtained using live spleen cells from a
vaccinated MHV-68-infected mouse. Dashed lines, 95% confidence
limits.
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FIG. 5. M2-vaccinated mice have significantly lower latent-virus
loads at day 14 postinfection. Spleens were taken from mice vaccinated
with either pcDNA3.1 or pcDNA3.1/M2 and then used for either a
limiting dilution reactivation assay (A) or the viral genome copy num-
ber quantitated by QF-PCR (B) at the times indicated. Open circles,
mice vaccinated with pCDNA3.1 vector; closed circles, mice vacci-
nated with pCDNA3.1/M2; dashed line, limit of detection of the assay.
Each point represents the titer obtained for a single mouse; error bars,
95% confidence limits. Data are representative of two experiments.
The P value shown represents the probability that the pcDNA3.1 and
pcDNA3.1/M2 data come from the same population.

was extracted from spleen cells, and then a known amount of
DNA was subjected to QF-PCR. To obtain absolute quantita-
tion of viral DNA load, a standard curve was constructed using
serial dilutions of plasmid DNA encoding the ORF 50 gene in
a background of normal cellular DNA (see Materials and
Methods). When the threshold cycle was plotted against plas-
mid copy number, we reproducibly obtained a straight line
(Fig. 6), validating its use as a calibrator in our experiments. By
comparing the threshold cycle of test samples with this stan-
dard curve, we could accurately measure the number of viral
genomes per unit of input DNA.

This assay confirmed our findings at day 14 postinfection, as
there was a significant (P = 0.04) difference in the amount of
viral DNA between the pcDNA3.1/M2- and pcDNA3.1 vector-
vaccinated groups (Fig. 5B). At day 28 postinfection the amount
of viral DNA in the spleen was reduced relative to that of day
14; however, there was no significant difference between M2-
vaccinated and vector only-vaccinated groups. By 5 months
postinfection viral DNA in the spleen was below the limit of
detection in some animals and at comparable levels in control
and M2-vaccinated mice (data not shown). Therefore, vacci-
nation with M2 caused a transient reduction in viral load;
however, this did not result in a reduction of long-term viral
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FIG. 6. A representative standard curve for QF-PCR analysis. QF-
PCR was performed using a serial dilution of ORF 50 plasmid DNA in
a background of 250 ng of normal cellular DNA as described in
Materials and Methods. Each reaction was performed in duplicate;
points correspond to the threshold cycle (C,) for the number of input
plasmid molecules indicated.

latency. MHV-68 also establishes a latent lung infection (21),
so we used QF-PCR to quantitate the load in the lungs at 5
months postinfection. Comparable quantities of viral genome
were detected in the lungs from both control and M2-vacci-
nated mice at 5 months postinfection (data not shown). There-
fore, DNA vaccination with the M2 gene caused a significant
decrease in latency at 14 days postinfection but did not reduce
the level of latency in the long term.

DISCUSSION

This report represents the first time that active vaccination
with a latent gammaherpesvirus antigen has been shown to
have an effect on viral latency. It was previously shown that the
adoptive transfer of an M2-specific CD8™ T-cell line resulted
in a lower level of latency at 14 days postinfection (24); how-
ever, it was unclear whether this effect was merely due to the
large numbers of T cells transferred. In this report we now
show that mice immunized with M2 could also significantly
reduce the initial latent-virus burden compared with nonim-
munized animals. Vaccination with lytic-cycle antigens can also
cause a transient reduction in the latent-virus titer (10, 19, 20);
however, unlike latent-antigen vaccination, this vaccination
strategy also reduces the virus titer during acute lung infection.
It could therefore be envisaged that an inhibition of virus
replication during acute infection causes less virus to seed a
latent infection, resulting in lower initial latent-virus titers in
the spleen. In contrast, the effect we observe after M2 vacci-
nation is likely the result of M2-specific T cells directly killing
latently infected cells in the spleen.

The reduction in latent-virus titer in vaccinated mice did not
extend into long-term latency. This was not unexpected, as the
M2 gene is expressed transiently around 14 days postinfection
and mRNA cannot be detected consistently thereafter (24),
suggesting that latently infected cells may be susceptible to
T-cell attack only during this time period. Nevertheless, it
could be argued that if M2 is expressed in all latently infected
cells during this time an aggressive T-cell response may be able
to eliminate enough cells to result in a lower long-term latent
infection. One explanation for the observed results is that all
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M2-expressing cells are eliminated but there remains another
subset of M2-negative cells which can then persist in the ani-
mal for a long time. This would imply that M2 expression does
not switch off in some latently infected cells after 14 days
postinfection, but rather that all cells that express this gene are
eliminated. Interestingly, there is a rapid rise in latently in-
fected cell numbers between days 7 and 14 postinfection (22,
23) and a subsequent sharp decrease in the next 2 weeks. This
may imply that M2 expression is part of a viral gene expression
program designed to expand the numbers of latently infected
cells, analogous to EBV latency III or the growth program.
Given the success of M2 vaccination in reducing viral latency
early in the infection, vaccination with latency-associated an-
tigens that are expressed for longer periods in infected cells
may cause a more prolonged reduction in latent viral load. This
may prove problematic for some EBV antigens such as
EBNA-1, as it has evolved a mechanism to inhibit processing
by the proteosome. However, another EBV antigen, LMP-2, is
clearly immunogenic (8, 9) and there is evidence that it is
expressed during long-term latency (13), making it a more
attractive vaccine candidate. An alternative approach is to use
a multivalent vaccine, incorporating antigens from both the
lytic and latent stages of the infection. This approach should
both limit the amount of virus available to seed a latent infec-
tion and target latently infected cells directly, and it may there-
fore intervene at two different stages of the virus life cycle.
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